Abstract: 16
Aquatic macroinvertebrates have been the basis for one of the primary indicators and a cornerstone 17 of lotic biomonitoring for over 40 years. Despite the widespread use of lotic invertebrates in 18 statutory biomonitoring networks, scientific research and citizen science projects, the sampling 19 methodologies employed frequently vary between studies. Routine statutory biomonitoring has 20 historically relied on semi-quantitative sampling methods (timed kick sampling), while much 21 academic research has favoured fully quantitative methods (e.g. Surber sampling). There is an 22 untested assumption that data derived using quantitative and semi-quantitative samples are not 23 comparable for biomonitoring purposes. As a result, data derived from the same site, but using 24 different sampling techniques, have typically not been analysed together or directly compared. Here, 25 we test this assumption by comparing a range of biomonitoring metrics derived from data collected 26 using timed semi-quantitative kick samples and quantitative Surber samples from the same sites 27 simultaneously. In total, 39 pairs of samples from 7 rivers in the UK were compared for two seasons 28 (spring and autumn). We found a strong positive correlation (r s = +0.84) between estimates of taxa 29 richness based on ten Surber sub-samples and a single kick sample. The majority of biomonitoring 30 metrics were comparable between techniques, although only fully quantitative sampling allows the 31 density of the community (individual m -2 ) to be determined. However, this advantage needs to be 32 balanced alongside the greater total sampling time and effort associated with the fully quantitative 33 methodology used here. Kick samples did not provide a good estimate of relative abundance of a 34 number of species / taxa and, therefore, the quantitative method has the potential to provide 35 important additional information which may support the interpretation of the biological metrics. In order to quantify trends in the health of riverine environments, the response of an organism or 52 community is often characterised as a metric based on their known tolerances to 'stressors'. 53
Biological monitoring, or biomonitoring, can be used to assess the effect of a known change to the 54 state of a system by comparing the ecological community before and after the change or to 55 routinely check compliance to nationally / internationally recognised standards, such as the legal 56 requirement for all waterbodies in the European Union to achieve 'Good Ecological Status' under the 57 contributes to the overall ecological integrity of the system (Spänhoff and Arle, 2007) . Particular 66 invertebrates (species, genus or families) have tolerance limits to specific environmental conditions, 67 such as levels of salinity, pH, organic pollution, suspended sediment concentration, fine sediment 68 deposition and flow velocity (e.g. Hellawell, 1986 Whilst there is widespread agreement that the macroinvertebrate community provides a valuable 91 tool to characterise the ecological health of rivers, there is less consensus about the most 92 appropriate sampling methodologies to employ. Surprisingly, the degree to which biological metrics 93 derived from semi-quantitative and quantitative samples differ has not been widely assessed in a 94 systematic way. The largely untested assumption that biomonitoring scores are not comparable 95 between these methods prevents both historic (e.g. Percival and Whitehead, 1929; Percival and 96 Whitehead, 1930; Prigg, 2002) and contemporary fully quantitative data from being combined and 97 used to characterise river health. Hence, the aim of this paper is to compare a semi-quantitative kick 98 sampling methodology with a quantitative Surber sampling methodology at given sites by cross-99 matching: 1) derived biomonitoring scores/indices; 2) inferred water-and habitat-quality; and 3) the 100 abundance and diversity of the taxa collected by each method. 101
Methodology: 102

Sampling techniques 103
Kick sampling is a semi-quantitative method of surveying the invertebrate community, which is 104 widely used internationally because it is cost effective and results are relatively consistent between 105 operators (e.g. Carter and Resh, 2001; Metzeling et al., 2003) . In this study, a 1 mm 2 mesh net with 106 an opening 0.25 m wide and 0.22 m deep was held downstream of the operator who kicked the river 107 bed and swept the net through, for example, submerged macrophytes. This action disturbs sediment 108 and dislodges benthic invertebrates which are then carried by the river flow into the net. The 109 duration of kick sampling here followed the Environment Agency of England (EA) best-practice 110 standard, which requires three-minutes of kick sampling and one-minute hand search of larger 111 substrates for macro-invertebrates (HMSO, 1985, Murray-Bligh, 1999; Environment Agency, 2009). 112
The operator moved systematically across and upstream through the river reach being sampled, 113 ensuring that all main habitat types were sampled (e.g. emergent and submerged macrophyte 114 stands, woody debris, tree roots, different flow depth/velocities and bed substrate compositions). 115
The amount of time spent in each designated habitat unit was proportionate to the surface area that 116 each occupied. 117
To obtain a quantitative comparison, replicate Surber samples were collected. A Surber sampler is a 118 rectangular quadrat, 0.33 x 0.30 m (area 0.1 m 2 ) that is placed on the river bed. The quadrat has a 1 119 mm 2 mesh net attached, with a 0.29 x 0.34 m opening. The operator disturbs by hand all surface 120 material within the quadrat area. Total sampling times can vary but in the current study continued 121 until all of the 0.1 m 2 quadrat area was fully sampled (Surber, 1937; Macan, 1958) . Sediment was 122 disturbed to a maximum depth of 0.1 m. Disturbance dislodges invertebrates that then drift into the 123 downstream net and, with the aid of side curtains, captures dislodged animals that might otherwise 124 avoid capture in the net. Traditional Surber net sampling tended to be micro-habitat specific but for 125 reduce any sampling sequence bias. Sample site reaches were selected for their similarity of 137 instream habitat composition over the sampled reach and were divided into kick and Surber areas 138 such that each had comparable proportions of the major habitat types. 139 140
Sampling times and locations 141
Sampling was undertaken on seven English rivers at a total of 20 sites (Figure 1 ). These locations 142 were chosen to provide a range of habitat and climate types (Table 1 ). Geology and elevation were 143 obtained from Ordnance Survey maps. Average discharge and average annual maximum discharge 144 were derived from daily average and daily maximum discharge time-series from the nearest gauging 145 station on each river available from the Centre for Ecology and Hydrology (CEH). The 1961-1990 146 average annual precipitation for the area upstream of gauging stations is also included in Table 1 . 
Biological scoring methods 154
A set of ecological parameters and biological monitoring scores were calculated for each site (Table  155 2). These represent commonly applied metrics in the UK that are used to identify water quality and 156 more specific environmental stressors. The abundance and taxa richness of the whole community 157 was quantified, as well as the diversity of Ephemeroptera, Plecoptera and Trichoptera (EPT) and 158 The Biological Monitoring Working Party (BMWP) score, ranks individual macroinvertebrate families 167 from 1 to 10 based on their sensitivity to water quality. The sum of the scores of all collected families 168 is the BMWP score. Given that the BMWP score is affected by the number of families sampled but 169 not by abundances within those families, the interpretation can be biased as a sample with many 170 low scoring taxa might score the same as a sample with a few high scoring taxa. Therefore, the 171 
Interpretation 198
To enable interpretation of the indices a ranking system was used, where 1 indicates poor conditions 199 (highly stressed/impacted conditions) and 5 indicates very good conditions (un-stressed and non-200 impacted conditions) ( Table 3 ). The scoring system used herein is based on established knowledge 201 where available (see references in Table 3 ). Biomonitoring scores were grouped into each of these 202 classes and the differences in grouping between kick and Surber sample results were compared. The 203 WHPT score is interpreted using the River Invertebrate Classification Tool (RICT), a software program 204 that compares observed WHPT scores to expected scores (see Paisley et al. 2007 ; UKTAG, 2014) and 205 therefore simple categorisation is not appropriate for this metric. Given that all the metrics are 206 continuous and judgement is necessary for data that fall near the boundary of a class, the difference 207 between kick and Surber samples as a percentage of the category size was also determined. This 208 indicates the likelihood that a methodological difference would lead to the results falling into a 209 different category. 210
Where a biomonitoring score has an inconsistent range within categories the average class size was 211 calculated. For example, in the case of the BMWP, the middle condition (rank 3) has a range of 19 212 whereas good (rank 4) has a range of 24. Therefore, it is possible for a difference between kick and 213 Surber sampling to be greater than 100% of a class size but with both samples actually being in the 214 same category. In addition, where both kick and Surber samples are in the highest category, it is 215 possible to achieve scores that differ by more than 100% of a class boundary but within the same 216 class because there is not a higher category. 217 218
Statistics 219
The statistical significance of differences between sets of biological scores calculated with kick and 220 Surber sampled data were tested. Shapiro-Wilk tests indicated data was normally distributed with 221 the exception of the total abundance, abundance of Gammarus, species richness, CCI and EPT 222 diversity. Paired-sample Student t-tests were performed in SPSS v.22 to assess normally distributed 223 data. In the case of non-normally distributed data, a Wilcoxon Signed Rank test was performed 224 instead. In addition, Pearson correlation and linear regression analysis was used to compare 225 normally distributed kick and Surber sampled data. Where data was not normally distributed, 226
Spearman correlation applied (r s ). Initially, this was performed for each biological monitoring score, 227
incorporating data collected at all sites and seasons (n = 39). The data are spatially clustered and in 228 some instances comprise multiple samples from the same site at different times of year. However, 229 the regression analysis was not describing relationships between sites or times of year, but between 230 sampling strategies. Therefore, the clustering of data does not affect the robustness of the test. If 231 the null hypothesis is met and both sampling methods provide identical information, the R 2 should 232 equal 1 and the data should fall on the 1:1 line (i.e. y = x). Subsequently, linear regression analysis 233 was also performed on spring and autumn data, separately, in a sub-set of cases. In 90% of the samples, the total number of invertebrates collected was higher in the aggregated 244 Surber samples than in the kick samples. Similarly, the total number of EPT collected was greater in 245
Surber samples than equivalent kick samples in 85% of cases. The abundance of Gammarus sp. in 246 samples was more similar between sampling methods, with only 62% of sites having greater 247 abundance in Surber samples. Where Surber samples collected a greater abundance than the paired 248 kick sample, they contained, on average, twice as many invertebrates as the equivalent kick sample. 249
In contrast, the kick samples that were more abundant than Surber samples yielded, on average, 250 only 1.2 times more individuals than the paired Surber samples (Table 4 ). The total invertebrate 251 abundance and total EPT abundance for kick and Surber samples were significantly different (p < 252 0.01, in both cases). The total number of Gammarus sp. sampled did not differ statistically between 253 sampling techniques (p = 0.062). 254
The total diversity of invertebrates collected in Surber samples was positively correlated with the 255 taxa richness of equivalent kick samples (r s = +0.84, p < 0.001). Correlations for taxa richness were 256 stronger than for measures of abundance, but there was still considerable scatter (Figure 3a, b ). In 257 general samples collected following the Surber sample methodology were more taxa rich than 258 equivalent kick samples, with 70% of samples having more taxa in the Surber than the kick. The 259 difference in species richness and EPT richness between kick and equivalent Surber samples was 260 statistically significant in both cases (p < 0.001, in both cases). 261
The CCI calculated from Surber and kick net samples are positively correlated (r s = +0.81; p < 0.001) 262
and are statistically similar (p = 0.499) (Figure 3c ), indicating similarity in the collection of rarer taxa 263 between methods. 264 265
Biomonitoring scores 266
Paired-sample Student t-tests indicate that the differences between the BMWP, ASPT and WHPT 267 calculated from kick and Surber sampled data were not statistically different for any metric (p = 0.06; 268 p = 0.955, p = 0.08, respectively). BMWP, ASPT and WHPT displayed strong, statistically significant 269 correlations between Surber and kick sampled results (BWMP r = +0.85, p < 0.001; ASPT r = +0.88, p 270 < 0.001; WHPT r = +0.93, p < 0.001). There was scatter in each relationship, but slightly more 271 variance was explained for WHPT (R 2 = 0.87) than for the ASPT (R 2 = 0.78) and BMWP (R 2 = 0.74) 272 ( Figure 4 ). 273
The difference between each of the four stress-sensitive metrics when calculated on Surber and kick 274 sampled data were statistically indistinguishable (Saprobic p = 0.656; TRPI p = 0.147; PSI p = 0.143; 275 LIFE p = 0.166) ( Figure 5 ). All four metrics showed a strong relationship between Surber and kick 276 sampled data, and were all significantly positively corrected (p < 0.001 in all cases). The strongest 277 association between kick and Surber sampled data was for the PSI and LIFE scores, both of which are 278 based on the proportion of sensitive invertebrates to all sampled invertebrates. 279
The TRPI score displayed the lowest R 2 of the stress specific metrics, although the R 2 = 0.78 still 280 suggests a strong relationship between kick and Surber sampled results. The TRPI was affected by 281 two outliers where the Surber sample scored 100% whereas the equivalent kick sample scored 282 substantially less. When these two outliers were removed, R 2 increases to 0.90. 283
Comparing kick and Surber methods taken in the spring with those collected during the autumn 284 indicated that spring samples were generally more consistent between sampling methods (Table 5) . 285
There was more variation between the two sampling methods in autumn for all biological metrics, 286 with the exception of the BMWP, ASPT and Saprobic index, which were slightly more consistent in 287 the autumn. 288 289
Score interpretation 290
Differences between biomonitoring scores calculated on Surber and kick sampled data are sufficient 291 to alter the resulting classification of 35 (15%) of the biometric scores (Table 6 ). In 17 cases, the kick 292 samples returned a higher class category than the Surber sample method, whereas the reverse was 293 true in 18 cases. On average, the BMWP calculated using the Surber sample methodology was 63% 294 of a class boundary greater than the kick sampled equivalent. The ASPT differed by an average of 295 22% of a class boundary and the saprobic index by 15% of a class boundary. 296
The LIFE score differed by 19% and the PSI by 19% of a class boundary and the equivalent value for 297 the TRPI was 23% (Table 7 ). In general, kick samples returned higher ranking of the PSI and Saprobic 298
Index. As the scoring systems were continuous, rankings could be altered by small increments in 299 score if they fall close to the class boundary. To assess the likelihood that a difference in sampling 300 method would lead to different class interpretation, the difference between kick and Surber sample 301 methodology scores was presented as a percentage of the number within each class (Table 7) . 302 303
Preferential sampling of particular species 304
Across all aggregated sites, some species of invertebrate were consistently more likely to be caught 305 using the Surber sample than by the equivalent kick sample method and, to a lesser extent, the 306 opposite was observed for a small number of taxa. Some invertebrates, such as Gammarus pulex 307
and Baetis sp., were recorded at much greater abundances in the Surber sample than the kick 308 sample method ( Figure 6 ). For example, nearly twice as many Agapetus sp. caddisfly and three-times 309 as many Simuliid blackfly larvae were found in total across all Surber samples. In contrast, kick 310 samples caught more Limnephilus lunatus (cased caddisfly larvae) and the amphipod shrimp 311
Crangonyx pseudogracilis than equivalent Surber samples ( Figure 6 ). Whilst more abundant, these 312 invertebrate taxa were not found at more sites and, consequently, any sampling bias did not alter 313 biological metrics between methods. However, some invertebrates were found at more sites, with 314 potential implications for biomonitoring scores (Figure 7) . Notable examples were the bivalve 315
Pisidium sp. and the caseless caddisfly Lype reducta which were both recorded in more kick samples 316 than equivalent Surber samples (6 and 5 more sites, respectively; Figure 7) . In contrast, the leeches 317 
Sensitivity of biomonitoring scores to sampling method 325
Differences in the invertebrate community collected using the Surber and kick sample methods 326 affect the biomonitoring scores that are derived to varying degrees and levels of significance. The 327 BMWP was most affected, because this is calculated by aggregating the score associated with 328 identified families. Hence, any increased diversity of Surber samples leads to higher BMWP scores. 329
The effect of different sample sizes was reduced to some extent by the ASPT score, which was more 330 similar between sampling methods. The WHPT was most consistent, with this method both 331 averaging the score by the total abundance, as well as standardising invertebrate scores by 332 individual family abundance within the sample. 333
Stress-specific scores were similar for data collected via Surber and kick sampling. Kick and Surber 334 sample LIFE and PSI scores were both highly correlated and statistically similar. However, for the 335 sites sampled here, the PSI was consistently higher for the kick sample, probably because the kick 336 sample was not as effective at collecting sediment-dwelling invertebrates which tend to reduce the 337 score. One explanation for this is that hand disturbance of surface grains and the aim to disturb 338 sediment to 10 cm depth in Surber samples is likely to dislodge more subsurface material. 339 Furthermore, the Surber net has a wider mouth for sample collection and hand sampling causes less 340 hydrodynamic disturbance than kick sampling (which may drive some animals around the net 341 entrance). The Surber net also has retention sides or curtains at the mouth to aid sample capture 342 which the kick-sweep net does not. 343
The saprobic and TRPI were also consistent between kick and Surber sampling, although the latter 344 who found that 29% of specimens and 21% of all taxon were overlooked when sorting and that 377 individuals successfully selected in the sorting processes were correlated to body-size. Over 30% of 378 taxa were identified differently between individuals and auditors, which was not biased towards 379 harder to identify individuals. As a result of these differences, 34% of samples were categorised into 380 a different quality classes. Similarly, Carter and Resh (2001) found in the USA that different methods 381 of data collection, sub-sampling and sorting were commonly used yet these were known to yield 382 different results. Here, leeches and flatworms were recorded preferentially when using the Surber 383 sampler method which could be because of more limited detritus present in Surber samples, making 384 these animals easier to distinguish than in the paired kick samples. 385 386
Sensitivity of invertebrate community to sampling method 387
The Surber sample method collected significantly more invertebrates (abundance) and a significantly 388 greater diversity of invertebrate species than the kick sample method, both in spring and autumn. 389 This is particularly true of the EPT taxa. For example, the Surber sample method collected twice as 390 many Ephemera danica mayfly larvae when aggregated across all samples than equivalent kick 391 samples ( Figure 6) . Similarly, invertebrates that attach themselves to the sediment were more 392 prevalent in samples using the Surber sampler method (e.g. Simuliidae blackfly larvae) ( Figure 6) . 393
This was expected given the increased sampling effort when compared to the three-minute kick 394 sample method. The kick samples were limited to 3-minutes but Surber samples continued until all 395 the surface area had been disturbed, resulting in a longer overall sampling time than kick samples. 396
Invertebrates that were found preferentially by one method over the other will potentially alter 397 biomonitoring scores. An example is the cased caddisfly larvae, Glossosoma sp., which were 398 recorded at seven sites using Surber sampling in comparison to only two kick sample sites. Other 399 organisms more likely to be recorded using the Surber sampler than the kick sample method 400 included the leeches Helobdella stagnalis and Piscicola geometra which were found in 15 and 17 401 Surber samples, but only 5 and 10 kick samples, respectively. Similarly, the flatworm Polycelis felina 402 was found in six more Surber samples than equivalent kick samples. It may be that these sediment-403 dwelling animals are caught more efficiently in Surber samples where sampling is attempted to a 404 depth of 10 cm, ensuring that sub-surface material is thoroughly disturbed. 405
The only two organisms identified that were consistently observed in more kick samples than Surber 406 samples, was the caseless caddisfly Lype reducta, which was found in seven of the 39 kick samples in 407 comparison to only two of the equivalent number of Surber samples, and individuals in the bivalve 408 genus Pisidium, which were found in 6 more kick samples than Surber samples. The reason for this is 409 not clear, but in the case of Lype reducta it could possibly be because they are xylophagous and have 410 a close association with coarse wood on the river bed. There is a great deal of data held in records that have been used to generate biomonitoring scores, 423 which could provide additional, valuable information. However, where qualitative or semi-424 quantitative measures have been used, the comparability of data is not readily assessed given the 425 lack of information about the proportion of the river bed or invertebrate population that has been 426 sampled. Although kick samples here did generally under-represent some taxa, they did provide a 427 sufficiently good estimate of the invertebrate diversity to provide statistically similar biomonitoring 428 scores to the quantitative Surber sample. However, the kick sample did not provide a good estimate 429 of the relative abundance of many species. Given that this information is not required for many 430 biomonitoring scores, this does not affect the value of biological metrics calculated. However, 431 without a good estimate of total abundance, it is difficult to make ecological assertions about the 432 community. In addition, not quantifying the abundance of taxa may lead to loss of important 433 information, such as changing abundance / occurrence through time which may be indicative of a 434 chronic issue but which would not be identified by most biomonitoring scores unless species are also 435 concurrently impacted from the community. The Surber sampling method used here provides a 436 quantitative measure of population (e.g. the abundance / m 2 ), so it provides added value over semi-437 quantitative methods, allowing a more thorough investigation of the data, which may lend support 438 or add detail to the information gained from the use of biological metrics. 439 440
Conclusions: 441
This study set out to establish the extent to which community, biomonitoring scores, and inferred 442 environmental conditions, are sensitive to the choice of invertebrate sampling method. Our analysis 443 was based on an English data set covering 20 sites, 205 taxa and 128,129 identified organisms. We 444 found that the overall taxa richness of aquatic invertebrates that were collected in quantitative 445
Surber samples were greater than semi-quantitative kick sample equivalents, although the two were 446 positively correlated. Surber samples enable additional ecological information and analysis to be 447 undertaken and, at least at the sites studied here, gave a more complete overview of the abundance 448 and diversity of macroinvertebrates. However, biomonitoring scores did not differ significantly in 449 most cases and, therefore, a semi-quantitative kick sample methodology provided a suitable 450 estimate of the river health of the chosen sites. In particular, specific pressure based biomonitoring 451 scores which use an abundance weighting (ratio of sensitive to total invertebrate abundance), such 452 as the LIFE, PSI and TRPI scores, yielded very similar results, regardless of the sampling method. 453
The comparability of biometric indices from Surber and kick-sweep net sampling raises the 454 possibility of using historical Surber net sample data to assess longer-term trends in biological stress 455 signatures. Based upon the findings here, a wider use of replicated Surber net sampling is proposed, 456 particularly where it is necessary to detect rare taxa that may be endangered or for 'one-off' 457 quantitative and statistically testable benchmarking of ecological condition in river reaches, 458 additional to routine regulatory monitoring programmes. 459 460 Acknowledgements 461
We are grateful to Salmon and Trout Conservation UK for contributing towards the funding of this 462 research. Discharge data was obtained from the UK National River Flow Archive. We would also like 463 to thank two anonymous reviewers for their helpful comments. 464 samples results in that site being assigned to a different class. A score of 1 indicates the kick sample 691 is one class above the equivalent Surber and -1 indicates the kick sample is one class below the 692 equivalent Surber. The table also shows the difference in biomonitoring score as a percentage of the 693 average class boundary. Values are shaded when the percentage difference is more than 50% of a 694 class boundary. All sites on all rivers are included for samples taken in spring (Sp) and autumn (Au). 
